Smoothing the redshift distributions of random samples for the baryon
  acoustic oscillations : applications to the SDSS-III BOSS DR12 and QPM mock
  samples by Wang, Shao-Jiang et al.
Mon. Not. R. Astron. Soc. 000, 1–10 (2017) Printed 11 November 2018 (MN LATEX style file v2.2)
Smoothing the redshift distributions of random samples for
the baryon acoustic oscillations : applications to the
SDSS-III BOSS DR12 and QPM mock samples
Shao-Jiang Wang,1,3,5? Qi Guo,2,4 Rong-Gen Cai,1,3,5
1 CAS Key Laboratory of Theoretical Physics, Institute of Theoretical Physics, Chinese Academy of Sciences,
No.55 Zhong Guan Cun East Road, Beijing 100190, P.R. China
2 National Astronomical Observatories, Chinese Academy of Sciences,
20A Datun Road, Chaoyang, Beijing 10012, P.R. China
3 School of Physical Sciences, University of Chinese Academy of Sciences,
No.19A Yuquan Road, Beijing 100049, P.R. China
4 School of Astronomy and Space Science, University of Chinese Academy of Sciences,
No.19A Yuquan Road, Beijing 100049, P.R. China
5 Center for Gravitational Physics, Yukawa Institute for Theoretical Physics,
Kyoto University, Kyoto 606-8502, Japan
Accepted XXX. Received YYY; in original form ZZZ
ABSTRACT
We investigate the impact of different redshift distributions of random samples on the
baryon acoustic oscillations (BAO) measurements of DV (z)r
fid
d /rd from the two-point
correlation functions (2PCF) of galaxies in the Data Release 12 (DR12) of the Baryon
Oscillation Spectroscopic Survey (BOSS). Big surveys, such as BOSS, usually assign
redshifts to the random samples by randomly drawing values from the measured red-
shift distributions of the data, which would necessarily introduce fiducial signals of
fluctuations into the random samples, weakening the signals of BAO, if the cosmic
variance cannot be ignored. We propose a smooth function of redshift distribution
that fits the data well to populate the random galaxy samples. The resulting cosmo-
logical parameters match the input parameters of the mock catalogue very well. The
significance of BAO signals has been improved by 0.33σ for a low-redshift (LOWZ)
sample and by 0.03σ for a constant-stellar-mass (CMASS) sample, though the abso-
lute values do not change significantly. Given the precision of the measurements of
current cosmological parameters, it would be appreciated for the future improvements
on the measurements of galaxy clustering.
Key words: galaxies: structure, galaxies: statistics, cosmology: observations, (cos-
mology:) distance scale, (cosmology:) large-scale structure of Universe
1 INTRODUCTION
The baryon acoustic oscillations (BAO) is an important tool
in modern cosmology. It is the relic imprint of the matter
perturbations when the sound waves stop propagating in
the baryon-photon fluid after the recombination of the Uni-
verse. It is also a well-understood linear-theory phenomenon
that usually serves as the standard ruler for the large-scale
measurements of our Universe. When combined with other
cosmological measurements, such as the Type Ia supernovae,
gravitational lensing, cosmic microwave background (CMB),
etc., it allows us to explore the expansion history of the
? E-mail: schwang@itp.ac.cn
whole Universe and to constrain the cosmological parame-
ters to a high precision level.
The measurements of BAO have made great progress
over the last decade. From the seminal works of the Two-
Degree Field Galaxy Redshift Survey (2dFGRS; Cole et al.
2005) and the Sloan Digital Sky Survey (SDSS; Eisenstein
et al. 2005), followed by enlarged measurements of the Wig-
gleZ survey (Blake et al. 2011a) and the Six-Degree Field
Galaxy Survey (6dFGRS; Beutler et al. 2011), the measure-
ments of BAO finally reached the milestone of 1 percent pre-
cision in the SDSS-III Baryon Oscillation Spectroscopic Sur-
vey (BOSS) Data Release 11 (DR11; Anderson et al. 2014b),
which was consistent with the results of recent Data Release
12 (DR12; Alam et al. 2015) of SDSS-III BOSS. In the final
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data release (Alam et al. 2017) of SDSS-III BOSS, the mea-
surements of BAO were carried out using a combined sam-
ple consisting of the CMASS (constant-stellar-mass), LOWZ
(low-redshift), LOWZ2 and LOWZ3 samples.
Anisotropy features have been found in BAO signals
along radial and transverse directions, which arise from
two main effects as follows. One is from the late-time
non-linear evolutions of galaxy clustering. Eisenstein et al.
(2007b); Padmanabhan et al. (2012) proposed to recon-
struct the linear power spectrum to improve the BAO sig-
nals. The other is from both the redshift-space distortions
(RSD) (Kaiser 1987) and the mismatched fiducial cosmol-
ogy, namely the Alcock-Paczynski effect (Alcock & Paczyn-
ski 1979). The degeneracy between the Hubble parameter
H(z) and the angular diameter distance DA(z) can be bro-
ken by projecting a galaxy clustering correlation along ra-
dial/transverse directions (Okumura et al. 2008; Gaztanaga
et al. 2009; Blake et al. 2011b; Chuang & Wang 2012),
or monopole/quadrupole moments (Padmanabhan & White
2008; Taruya et al. 2011; Chuang & Wang 2013; Xu et al.
2013) or the newly proposed wedge method (Kazin et al.
2012, 2013). More detailed discussions on the systematics of
BAO can be found in Vargas-Magan˜a et al. (2016).
The two point correlation function (2PCF) of galaxies
is one of the most popular method to estimate the BAO sig-
nals. It measures the pairwise excesses of the data galaxies
in comparison with otherwise randomly distributed galax-
ies. The redshift distribution N(z) for the random galaxy
catalogues is supposed to be smooth, given the relatively
slow evolution of the tracer galaxies. However, if the vol-
ume is small, the structures along line-of-sight direction usu-
ally manifest themselves as violent fluctuations in N(z). If
one assumes the redshift distributions of random samples
to be the same as the data samples, it would bias the re-
sulting clustering measurements. In the literatures, many
works adopted a smoothed fitting function to describe the
underlying N(z). Shaun Cole (Cole 2011) developed a new
algorithm to generate the random catalogue from the data
catalogue consisting of a simple flux-limited sample. It au-
tomatically provides the distribution of an unbiased N(z)
without assuming a prior fitting formula. For a large galaxy
survey, the volume is usually big enough so that the cosmic
variance could be minor. In this case, redshifts of random
galaxies are usually generated by randomly drawing from
the measured galaxy redshifts with some weights (e.g. see
Reid et al. 2016, section 5.2). Whether a random catalogue
generated in this way could inherit fluctuations of the clus-
tering signals and lead to a weakened BAO signal depends
on the volume of the survey. Ross et al. (2012) demonstrated
the systematic difference of spherically averaged correlation
functions calculated with this redshift assignment scheme
and that with ‘spline’ approaches are negligible. However,
their typical spline method adopted ∆z = 0.01 to construct
the random catalogue corresponding to 80 ∼ 90 Mpc, which
is smaller than the typical scale of BAO, suggesting that the
random catalogue generated using this spline approach could
also inherit the BAO signals along the redshift direction.
In this paper, we propose to use a new smoothed red-
shift distribution function for the random galaxy samples.
We describe the data and mock catalogues in Section 2.1,
review the correlation function in Section 2.2 and the fitting
template in Section 2.3. In Section 3, we describe how we
generate the random catalogues with a wiggly redshift dis-
tribution in Section 3.1 and with a smoothed redshift dis-
tribution in Section 3.2. The method validation is given in
Section 3.3 using QPM mock catalogues (White et al. 2014).
In Section 4, we apply the smooth method to the DR12 data
catalogues and compare with results using a wiggly method.
Section 5 is devoted to the conclusions.
The fiducial cosmology we used in this paper is the same
as those used in the SDSS-III BOSS DR12 (e.g. Cuesta et al.
2016): h = 0.70, Ωm = 0.29, ΩΛ = 0.71, Ωbh
2 = 0.02247,
ns = 0.97, σ8 = 0.80 and T0 = 2.7255 K. Note that we
apply our method to the pre-reconstruction data and thus
calculate only the monopole of the clustering. The estimate
of multipoles requires the reconstructed data which will be
presented in future works.
2 DATA AND METHOD
In this section, we will first describe the data and mock
catalogues used in our study and then review the essential
formalism to extract the signals of BAO from the observed
galaxies positions.
2.1 Data and Mocks
We use the public data catalogues from SDSS-III BOSS
DR12 (Alam et al. 2015), which consist of LOWZ and
CMASS samples that occupy 3.7Gpc3 and 10.8Gpc3, respec-
tively. The LOWZ sample has totally 361, 762 galaxies cov-
ering the redshift range 0.15 < z < 0.43, of which 248, 237
galaxies are from the North Galactic Cap and 113, 525 galax-
ies are from the South Galactic Cap. The CMASS sam-
ple has total 777 202 galaxies covering the redshift range
0.43 < z < 0.70, of which 568 776 galaxies are from the
North Galactic Cap and 208, 426 galaxies are from the South
Galactic Cap. The total number of data galaxies we used for
our analysis is 1, 138, 964.
The random galaxy catalogues corresponding to the
DR12 data galaxy catalogues are generated by the MK-
SAMPLE code, as descried in Reid et al. (2016), to repro-
duce the geometry, redshift distribution and completeness
of the survey. In these random samples, the redshift distri-
bution is the same as that in the real data. In Section 3,
we will discuss two different kinds of redshift assignments of
random catalogues.
Since we have only one Universe to observe, simulations
of the observed galaxy clustering are crucial for determining
the errors of the measurements. The mock catalogues were
generated for this purpose to calculate the covariance matrix
for the measured 2PCF. The QPM mock catalogues (White
et al. 2014) are generated using rapid, low-resolution par-
ticle mesh simulations, which mimic the observed data on
both the angular selection function and the redshift distri-
bution as well as the noise level. The fiducial cosmology is
the same as we used in this paper. We use 1000 QPM mock
catalogues for each sample (LOWZ or CMASS). The mock
catalogues can be used not only to estimate the errors, but
also to test the reliability of certain methods. We will test
our method of generating random sample with the smooth
redshift distribution with the QPM mock catalogues in Sec-
tion 3.3.
c© 2017 RAS, MNRAS 000, 1–10
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2.2 Correlation Function
The 2PCF estimates the galaxy clustering by counting the
excess of data-data galaxy pairs relative to those of random-
random galaxy pairs. Here, we use the Landy and Szalay
estimator (Landy & Szalay 1993),
ξ(r) =
DD(r)− 2DR(r) +RR(r)
RR(r)
, (1)
where DD(r), DR(r) and RR(r) are the normalized num-
ber count of data-data, data-random and random-random
galaxy pairs, respectively. This estimator could minimize the
variance to the Poisson level and account for the survey ge-
ometry.
Each galaxy carries several weights to correct for pos-
sible observational effects; therefore, the number counts for
galaxy pairs should be weighted as follows :
GG(rα) =
∑
Gi,Gj
w(Gi)w(Gj)Θrα(dij), G = D,R; (2)
Θrα(dij) =
{
1, rα 6 dij < rα + ∆r;
0, otherwise,
(3)
where dij is the separation between pairwise galaxies Gi and
Gj , and Gi,j stands for galaxy i, j. The specific choices of
the weights for the data galaxy w(D) and random galaxy
w(R) will be presented in Section 3.
2.3 Fitting Template
The fitting model (Anderson et al. 2013, 2014a; Xu et al.
2013) for the monopole moment of 2PCF is parametrized as
ξmodel(r) = B
2
0ξtheory(αr) +A0 +
A1
r
+
A2
r2
, (4)
where the first nuisance parameter B0 is a normalization
factor, and the other three nuisance parameters A0,1,2 are
introduced to account for any broad-band derivations from
the theoretical 2PCF ξtheory(r). The dilation parameter α is
defined by
α =
DV (z)/rd
(DV (z)/rd)fiducial
. (5)
The BAO peak position shifts towards a smaller (larger)
scale if α > 1 (α < 1) with respect to the fiducial cosmology.
The l-th moment of theoretical 2PCF ξ
(l)
theory(r) is the
Fourier transformation
ξ
(l)
theory(r) = i
l
∫
k2dk
2pi2
jl(kr)P
(l)
nonlinear(k) (6)
of the l-th multipole of the non-linear power spectrum
P
(l)
nonlinear(k),
P
(l)
nonlinear(k) =
2l + 1
2
∫ 1
−1
dµLl(µ)Pnonlinear(k, µ), (7)
The anisotropic non-linear power spectrum
Pnonlinear(k, µ) (Fisher et al. 1994) is modelled as
Pnonlinear(k, µ) =
(1 + βµ2)2
(1 + k2µ2Σ2s)2
Pdewiggle(k, µ), (8)
where (1 + βµ2)2 accounts for the Kaiser effect (Kaiser
1987) and 1/(1 + k2µ2Σ2s)
2 for the Finger-of-God (FoG) ef-
fect (Park et al. 1994). β = f/b where f ≈ Ωm(z)0.55 is the
growth rate and b is the galaxy bias with respect to dark
matter. The de-wiggled power spectrum (Eisenstein et al.
2007a; Anderson et al. 2013, 2014a; Xu et al. 2013; Vargas-
Magan˜a et al. 2015) models the degradation of the BAO
feature due to non-linear structure growth :
P dewiggle(k, µ) = [Plinear(k)− Pnowiggle(k)]
× exp
[
−k
2µ2Σ2‖ + k
2(1− µ2)Σ2⊥
2
]
+ Pnowiggle(k). (9)
where both the linear theory power spectrum
Plinear(k) (Lewis et al. 2000) and no-wiggle power spectrum
Pnowiggle(k) (Eisenstein & Hu 1998) are well approximated
in details in Eisenstein & Hu (1998).
We focus only on the monopole of 2PCF with the
pre-reconstructed samples. The anisotropic fitting of a
higher moment of 2PCF with reconstructed samples will
be reserved for future works. In this study, we set the
streaming scale Σs = 4h
−1 Mpc, the radial component
Σ‖ = 10h
−1 Mpc and transverse component Σ⊥ =
6h−1 Mpc of the standard non-linear Gaussian damping
scale Σ2non−linear = (Σ
2
‖ + Σ
2
⊥)/2 as inferred from Vargas-
Magan˜a et al. (2015). The spatial separations of interest are
chosen from 4h−1 Mpc to 204h−1 Mpc with a binning size of
8h−1 Mpc. The fitting range is between 30 ∼ 180h−1 Mpc
also with a binning size of 8h−1 Mpc as in the SDSS-
III BOSS DR12 (Cuesta et al. 2016). Therefore, the to-
tal number of points to be fitted is 19 and the fitting pa-
rameters to be used are B0, α, β,A0, A1, A2, leaving 13 de-
grees of freedom. The initial values and Gaussian priors
[0± 0.4, 1± 0.1, 0.4± 0.2] are adopted for [logB20 , α, β].
The χ2 goodness-of-fit indicator is defined by
χ2 =
∑
i,j
[ξmodel(ri)− ξdata(ri)]C−1ij [ξmodel(rj)− ξdata(rj)],
(10)
where the covariance matrix is given by
Cij =
1
Nmock − 1
Nmock∑
n=1
[ξn(ri)−ξ¯mock(ri)][ξn(rj)−ξ¯mock(rj)],
(11)
Here ξ¯mock(ri) is the mean value averaging over the corre-
sponding 2PCF from all QPM mock catalogues at separation
bin ri. To have a unbiased estimation of the inverse covari-
ance matrix (Hartlap et al. 2006), one has to multiply the
covariance matrix (11) by
Cij → Nmock − 1
Nmock −Ndata − 2Cij , (12)
where the number of mocks is Nmock = 1000 and the size of
data vector is Ndata = 19. One can also marginalize over the
other five parameters for the fixed value of α and obtain the
probability density function (PDF) as
p(αi) = exp
(
−χ
2(αi)
2
)/∫
dαi exp
(
−χ
2(αi)
2
)
, (13)
based on which we can calculate the mean value 〈α〉 and the
variance σ2α = 〈α2〉 − 〈α〉2.
c© 2017 RAS, MNRAS 000, 1–10
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3 RANDOM CATALOGUES
In this section, we describe the wiggly scheme and smooth
scheme of redshift distributions used to generate the random
galaxy catalogues, which are summarized in Table 1.
3.1 Wiggly Method
The recent analysis (e.g. Reid et al. 2016) of galaxy cluster-
ing utilizes the observed redshift distribution of data galaxy
catalogues to generate the random galaxy catalogues. This
can be mimicked using the following procedure. With a red-
shift bin size ∆z = 0.001, the observed data galaxy redshift
distribution for each redshift bin zα,
Ng(zα) =
∑
Di
Θzα(zDi),
Θzα(zDi) =
{
1, zα 6 zDi < zα + ∆z;
0, otherwise,
(14)
is a wiggly curve along the redshift direction, of which the
fluctuations could contain both BAO signals and spurious
fluctuations that are caused by observational systematic ef-
fects and Poisson noises.
The observational systematic effects can be corrected by
assigning each data galaxy with a systematic weight (Reid
et al. 2016) given by
wsys(Di) = wstar,iwsee,i(wcp,i + wnoz,i − 1), (15)
where wstar,iwsee,i are the total angular systematic weights
that contribute little to those wiggles of redshift distribu-
tion Ng(z). The weights wcp,i that correct for close pairs
(fibre collisions) and the weights wnoz,i that correct for red-
shift failures have a little impact on the measured clustering.
Therefore, the redshift distribution Ns(z) corrected by these
systematic weights is given by
Ns(zα) =
∑
Di
wsys(Di)Θzα(zDi), (16)
The wiggly method thus generates random catalogues with
a redshift distribution
Nr(z) ∼ Ns(z). (17)
Note that the total number of random galaxies is usually
larger than the total number of data galaxies, Nr(z) = 50×
Ns(z), for example in SDSS-III BOSS DR12 (Reid et al.
2016).
The theoretical Poisson noises can also be corrected
during pair-counting by assigning each galaxy of pairs
the Feldman-Kaiser-Peacock (FKP) weight (Feldman et al.
1994) given by
wFKP,i =
1
1 + n(zi)P0
, (18)
where n(zi) is the measured number density at redshift
zi with linear interpolation over bins ∆ = 0.005 and
P0 = 20000h
−3 Mpc3 is the observed power spectrum at
k ≈ 0.15hMpc−1. The wiggly method assigns total weights
to each galaxy of pairs in different ways depending on its
type,
GG(rα) =
∑
Gi,Gj
w(Gi)w(Gj)Θrα(dij);
w(Di) = wsys,i · wFKP,i;
w(Ri) = wFKP,i,
(19)
where pairwise galaxies GG can be of DD, RR and DR
type.
The wiggly method also applies to each QPM mock cat-
alogue labelled by i from 1 to 1000, with their mock ran-
dom catalogue having the same redshift distribution (17)
as the systematically weighted redshift distribution of the
mock galaxy catalogue,
Nr,i(z) ∼ Ns,i(z). (20)
The weights assignments for QPM mock galaxy/random cat-
alogues during pair-counting are the same as (19) as we do
for the DR12 data galaxy/random catalogues.
Note in the QPM mock catalogue, each galaxy is as-
signed with the FKP weight and ‘veto mask’, where the
‘veto mask’ is wcp,i + wnoz,i − 1. No systematic weights are
assigned to mock galaxies in the sense to correct for system-
atics in the imaging data, i.e. wstar,iwsee,i = 1. We keep the
same notation for simplicity.
3.2 Smooth Method
Besides systematic effects and Poisson noises, the observed
reshift distribution also could contains fluctuations caused
by real structures. A true random catalogue should remove
all the spurious fluctuations and only retain a smooth shape
of redshift distribution. This motivates us to propose the
following smooth method.
When assigning redshifts to the random catalogues, all
weights should be taken into account. The observed red-
shift distribution of data galaxy catalogues, after weighted
by both systematic weights and FKP weights,
Nw(zα) =
∑
Di
wsys(Di)wFKP(Di)Θzα(zDi), (21)
gives rise to a less wiggly redshift distribution Nw(z), which
can be fitted with some smooth functions Nf(z). Here we
adopt the Moffat function,
Nf (z) =
a0((
z−a1
a2
)2
+ 1
)a3 + a4 + a5z. (22)
Therefore the smooth method generates random catalogues
with a redshift distribution,
Nr(z) ∼ Nf(z), (23)
and assigns weight for each galaxy of galaxy pairs by
GG(rα) =
∑
Gi,Gj
w(Gi)w(Gj)Θrα(dij);
w(Di) = wsys,i · wFKP,i;
w(Ri) = 1
(24)
during pair-counting.
The same strategies also apply to each QPM mock cat-
alogue, where its random sample is generated with redshift
c© 2017 RAS, MNRAS 000, 1–10
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Table 1. Galaxy sample and random sample with a wiggly method and a smooth method both for the DR12 data and for the QPM
mocks. Ng(z) is the observed redshift distribution and Nr is the redshift distribution generated with a wiggle method. Ng,i is the redshift
distribution of the i-th mock sample, Ns is the observed redshift distribution weighted by wsys, Nw is the observed redshift distribution
weighted by wsys and wFKP, and Nw,i are the redshift distribution of the i-th mock sample weighted by wsys and wFKP. Here wsys is
the systematic weight accounting for the observational systematic effects, and wFKP is the FKP weight to reduce the Poisson noise.
Wiggly method Smooth method
DR12 data QPM mock DR12 data QPM mock
Redshift Weight for Redshift Weight for Redshift Weight for Redshift Weight for
population pair-count population pair-count population pair-count population pair-count
Galaxy
Ng(z) wsys · wFKP {Ng,i(z)}1000i=1 wsys · wFKP Ng(z) wsys · wFKP {Ng,i(z)}1000i=1 wsys · wFKPsample
Random Nr(z)
Ns(z)
≈ 50 wFKP Nr(z)Ns,i(z) ≈ 50 wFKP
fitting
Nw(z)
1
{ fitting
Nw,i(z)
}1000
i=1
1
sample
distribution given by
Nr,i ∼ Nf,i(z), (25)
The weights assignments for QPM mock galaxy/random cat-
alogues for pair-counting are the same (24) as what we do
for the DR12 data galaxy/random catalogues.
As a comparison, we present various redshift distribu-
tions in Fig.1 for SDSS-III BOSS DR12 data catalogues.
As we can see, the random catalogues generated by wiggly
method in line with the redshift distribution from the sys-
tematically weighted redshift distribution, while the smooth
method eliminates the wiggles that are caused by structures.
3.3 Tests on Mock Samples
Before applying to the DR12 data catalogues, we test our
smooth method against the wiggly method on QPM mock
catalogues. We first select one particular mock that has a
rather large scatter in Ng(z) and can thus reflects more
clearly the difference caused by different random samples.
Three random samples are generated with the wiggly reshift
distribution Ns(z), the smooth redshift distribution Nf(z)
and an underlying true redshift distribution, respectively.
Here the true redshift distribution is assumed to be the av-
eraged value of systematically weighted redshift distribution
over 1000 QPM mock galaxy samples,
N s(z) =
1
Nmock
Nmock∑
i=1
Ns,i(z), (26)
which is the prior redshift distribution used for generat-
ing those mock catalogues. The weight assignment during
pair-counting for the random catalogue generated by (26)
is as same as the wiggly method (19). We will refer to
the 2PCF calculated from above mock random catalogue
with redshift distribution N s(z) as the true 2PCF in follow-
ing. As shown in the bottom panels of Fig.2, the measure-
ments of the 2PCF at BAO scale are closer to the true one
with our smooth method than the results with the wiggly
method. The dilation parameters along with their 1σ er-
rors given by the wiggly method, smooth method and true
redshift distribution are 0.9835 ± 0.0321, 0.9949 ± 0.0305
and 0.9932 ± 0.0295, respectively, for LOWZ sample, and
0.9840±0.0161, 0.9746±0.0152 and 0.9711±0.0154, respec-
tively, for CMASS sample. The volume-averaged distances
DV (z)r
fid
d /rd are 1215 ± 40, 1229 ± 38 and 1227 ± 36, re-
spectively, for LOWZ sample, and 1977± 32, 1958± 30 and
1952 ± 31, respectively, for CMASS sample. It shows that
both the dilation parameter and the volume-averaged dis-
tance are close to the true ones with the smooth method.
The 1σ errors are also reduced when adopting the smooth
method.
We further apply this procedure to the 1000 mock sam-
ples to investigate whether our smooth method can also
boost the BAO signals and reduce the error of dilation pa-
rameter in general.
Fitting results for the 1000 mocks are shown in Fig.3
with thin curves. Averaged fits are shown with thick curves.
As we can see, there is a gentle lift of BAO signals with
the smooth method compared to the wiggly method. As
in Cuesta et al. (2016), we can use this 1000 mock samples to
study the distribution of the dilation parameter in order to
quantify the difference of these two methods. We found that,
with wiggly method, the mean value of dilation parameter
〈α〉 and its 1σ error 〈σα〉 and the standard derivation Sα are
1.00183, 0.02994 and 0.02856 for LOWZ sample and 1.00035,
0.01834 and 0.01715 for CMASS sample, respectively. With
the smooth method, the mean value of dilation parameter
〈α〉 and its 1σ error 〈σα〉 and the standard derivation Sα are
1.00250, 0.02931 and 0.02794 for LOWZ sample and 1.00084,
0.01766 and 0.01664 for CMASS sample, respectively. It is
obvious that, with our smooth method, the mean value of
1σ error 〈σα〉 and the standard derivation Sα are reduced
both for the LOWZ and the CMASS mock samples, though
the magnitude is only of the order of O(0.001), similar to
other systematic effects (Vargas-Magan˜a et al. 2016).
Note that in the literatures, a shuffled method (e.g. Ross
et al. 2012; Reid et al. 2016) is usually adopted to assign red-
shifts to the random galaxies by randomly drawing from the
measured galaxy redshifts. Ross et al. (2012) demonstrated
that a N -node spline method could reproduce the 2PCF
estimated with the shuffled method, when N is large. The
wiggly method is very close to the N -node spline method
and we adopted a very small redshift interval, ∆z = 0.001,
corresponding to a very large N . The resulting 2PCF es-
timated using the wiggly method is thus very close to the
one estimated using the shuffled method. As shown above,
the smooth method behave better than the wiggly method.
We thus could conclude that it also works better than the
shuffled method adopted in the literatures.
c© 2017 RAS, MNRAS 000, 1–10
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Figure 1. Redshift distributions of the DR12 data catalogs for LOWZ sample (left-hand panel) and CMASS sample (right-right panel).
Different samples are presented with different colours as indicated in the each panel. See the text and Table 1 for the definition of
each sample. It shows that the smooth method eliminates those wiggles presented in Nw(z). All redshift distributions have been scaled
properly for clearness.
4 RESULTS
In this section, we apply our smooth method to the SDSS-III
BOSS DR12 data catalogues for both LOWZ and CMASS
samples and compare the results to those with the wiggly
method. The results are presented in Fig.4 and Table 2.
In the top panels of Fig.4, the 2PCFs are shown for the
LOWZ and CMASS samples with the wiggly method and
the smooth method. Red curves are the best-fitting results
and error bars are obtained from the square root of the di-
agonal elements of the covariance matrix, which is obtained
from the QPM mock catalogues. As we can see, there is
a gentle lift of BAO signals with our smooth method with
respect to the wiggly method. This exactly meets our ex-
pectation for the smooth method, where a more randomly
populated catalogue along the redshift direction necessarily
wipes out residual fluctuations of clustering signals inher-
ited from the measured redshift distribution. Therefore a
more pronounced BAO signal is obtained with the smooth
method.
In the bottom panels of Fig.4, we present the likelihood
surfaces for a grid of the fixed dilation parameter α from
isotropically fitting the 2PCF for the LOWZ sample (left-
hand panel) and the CMASS sample (right-hand panel) with
the wiggly method (red) and the smooth method (blue) us-
ing fitting templates with (solid) and without (dashed) the
BAO feature. Each likelihood surface has been subtracted
with their minimum χ2 values. The difference in χ2 between
the template with and without BAO feature reflects the sig-
nificance of detection of BAO. The χ2 minimum is slightly
narrowed down with our smooth method compared to the
wiggly method, which indicates a minor improvement on the
constraint of dilation parameter. The upshot of the bottom
panels of Fig.4 is that both the significance of detection of
BAO and the constraint on the dilation parameter have been
improved gently with our smooth method over the wiggly
method.
In Table 2, we briefly summarize the fitting results of
2PCF for LOWZ sample and CMASS sample. In the upper
Table 2. Results for the DR12 data catalogues. In the upper
part of the table, the best-fitting results of dilation parameter α
are shown along with their 1σ errors σα, which can be used to
constrain the volume-average distance to the effective redshifts
of LOWZ sample z = 0.32 and CMASS sample z = 0.57. In the
lower part of the table, the mean value of dilation parameter α are
shown along with their 1σ errors σα =
√〈α2〉 − 〈α〉2. The detec-
tion significance is calculated from the square root of difference of
χ2 from the de-wiggled and no-wiggled template at the minimum
of χ2 surface. The upshot of these results is that there is a gentle
but uniform improvement on the error of dilation parameter and
the detection significance for the DR12 data catalogues.
2PCF ξ(r) α± σα DV (z) r
fid
d
rd
χ2/dof
DR12 LOWZ
Wiggly method 1.0175± 0.0298 1257± 37 8.5/13
Smooth method 1.0105± 0.0288 1248± 36 8.5/13
DR12 CMASS
Wiggly method 1.0147± 0.0163 2039± 33 14/13
Smooth method 1.0076± 0.0158 2025± 32 14/13
PDF p(α) 〈α〉 σα
√
∆χ2min
DR12 LOWZ
Wiggly method 1.0202 0.0422 3.20σ
Smooth method 1.0126 0.0323 3.53σ
DR12 CMASS
Wiggly method 1.0148 0.0157 5.77σ
Smooth method 1.0087 0.0154 5.80σ
part of the Table 2, the best-fitting results of dilation pa-
rameter α are shown along with their 1σ errors σα, which
can be used to constrain the volume-average distances to the
effective redshifts of LOWZ sample z = 0.32 and CMASS
sample z = 0.57. Although the shift of dilation parameter is
c© 2017 RAS, MNRAS 000, 1–10
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Figure 2. Top panels: redshift distribution for one particular QPM mock catalogue (the i-th one) for both LOWZ (left-hand column) and
CMASS (right-hand column) samples. Different colours are for different sample definitions as denoted in the right-hand corner of each
panel. The fluctuation of Nw,i is rather big to illustrate the effect. Bottom panels: 2PCFs calculated with random samples generated with
the wiggly method, smooth method and the true redshift distribution are shown with red, blue and black curves, respectively. Results
with the smooth method are closer to the true ones compared to the wiggly method.
minor between the smooth method and wiggly method, both
LOWZ and CMASS samples have exhibited an uniform re-
duction on the error of dilation parameter with our smooth
method over the wiggly method. In the lower part of the Ta-
ble 2, we present the fitting results from probability density
function (PDF) of for LOWZ sample and CMASS sample.
The mean values of dilation parameter α are shown along
with their 1σ errors σα =
√〈α2〉 − 〈α〉2 and the detection
significances. The significance of detection of BAO has been
improved by 0.33σ for LOWZ sample and 0.03σ for CMASS
sample. Although the boosted signals and reduced error are
necessarily small, it would be appreciated for the future im-
provements on the measurements of galaxy clustering given
the high precise of the measurements of cosmological param-
eters.
5 CONCLUSIONS
The measurements of galaxy clustering on BAO scale have
reached an unprecedented precision since the DR11 of BOSS
of SDSS-III. Further improvements require more careful un-
derstanding of the potential errors. The 2PCF of galaxy
clustering measures the number excesses of the data-data
galaxy pairs with respect to the random-random galaxy
pairs. Therefore, a random sample with proper redshift dis-
tributions is necessary to recover the BAO signals. In this
paper, we proposed to use a smooth function that fits the
observed galaxy redshift distribution to generate the ran-
dom galaxy catalogue. It has the advantage to remove the
BAO signals along the redshift direction compared with the
wiggly method that is usually adopted in the literatures,
which assigns each random galaxy a redshift by randomly
drawing a value from the observed redshift distribution, and
can thus boost the measured BAO signals. Using the mock
data, we demonstrated that the smooth method is capable
of improving BAO signals and reducing the errors compared
c© 2017 RAS, MNRAS 000, 1–10
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Figure 3. The fitting results of 2PCF of all the 1000 LOWZ (left-hand panel) and CMASS (right-hand panel) mock samples with the
wiggly method (red) and the smooth method (blue). Each thin curve represents for one mock results. The averaged 2PCFs are presented
with thick curves. The 2PCF at BAO scale is slightly lifted with the smooth method over the wiggly method both for LOWZ and CMASS
mock samples.
with the wiggly method. When applying to the SDSS DR12
data, we found with the smooth method, we can improve
the significance of BAO signals by 0.33 and 0.03σ for the
LOWZ and CMASS samples, respectively. The rather small
improvements is expected, because both the LOWZ and
CMASS samples cover rather large volume and the sample
size is large, which means that the observed redshift distri-
bution suffers little from cosmic variance. For studies that
contain smaller samples, for example, the QSO sample, a
smooth method could be more helpful in improving the re-
sults. Moreover, as discussed in Ross et al. (2012), although
the effect of redshift distribution on the monopole of the
clustering could be ignored, its effect is large for multipoles.
We will explore this effect with post-reconstruction data in
future works.
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